INTRODUCTION
North Atlantic right whales Eubalaena glacialis are one of the most endangered whale species in the world numbering at ca. 450 (range 444−471) individuals (Pace et al. 2017) . The Grand Manan Basin (GMB) in the lower Bay of Fundy is a well-known right whale feeding habitat that is typically occupied by a large portion of the population during summer (Murison & Gaskin 1989 , Woodley & Gaskin 1996 , Baumgartner et al. 2003 . Right whales show a strong distributional preference for the GMB relative to other areas in the Bay of Fundy (Baumgartner & Mate 2005 , Vanderlaan et al. 2008 , although many animals have also been sighted in shallower regions in some years (Kraus et al. 1982) . This preference for ABSTRACT: North Atlantic right whales Eubalaena glacialis (hereafter right whales) have recently shifted their distribution away from some protected feeding habitats, which suggests largescale changes in food supply have occurred. Quantifying the nature and extent of the apparent shift is key to exploring this hypothesis and planning or revising conservation strategies. This paper characterizes decadal right whale occurrence in the Bay of Fundy summer feeding habitat using data derived from 7522 h of survey effort collected over 30 yr (1987 to 2016 ) that yielded 11 483 right whale sightings. Eight occurrence descriptors were derived to quantify temporal variation in right whale presence, encounter rates and time of arrival in the Bay. Time of arrival was modeled using linear and power function models fit to annual discovery curves. Principal component analysis showed 2 modes that explained 58 and 14% of the variation in occurrence, respectively. The first mode captured a significant decline in summertime right whale occurrence beginning in 2010. The second mode captured a decadal-scale cycle in seasonal timing of occurrence, which highlighted a sharp change from early to late occupancy at the turn of the millennium. Annual occurrence during the 2010−2016 period was anomalously low in both the Grand Manan Basin critical habitat and the Bay of Fundy Traffic Separation Scheme (shipping lanes), whereas encounters in the region NW of the critical habitat containing Owen Basin and The Wolves islands may be increasing due to a distributional shift within the Bay. We discuss the consequences of these changes for both population dynamics and future conservation of the species. the GMB is due to the presence of highly concentrated patches of right whale food, the copepod Calanus finmarchicus, that are retained within the bathymetrically constrained deep basin by gyre circulation (Murison & Gaskin 1989 , Woodley & Gaskin 1996 , Baumgartner et al. 2003 , Aretxabaleta et al. 2008 , 2009 , Michaud & Taggart 2011 . The GMB supports several critical functions for the population including foraging (Murison & Gaskin 1989 , Baumgartner & Mate 2003 , suckling calves (Malik et al. 1999 ) and socializing (Parks et al. 2007 (Parks et al. , 2011 , and it was identified as a critical habitat (CH) for the species in 2009 (Brown et al. 2009 , Fisheries and Oceans Canada 2014 . The generally consistent distribution of right whales in this area and their endangered status have together facilitated intensive research on this habitat, including annual monitoring surveys that have taken place since the early 1980s (Brown et al. 2007 .
From 2010 to the present, visual and acoustic survey data suggests that right whale occurrence has de clined on average in most of the known feeding grounds in and around the Gulf of Maine, while at least one known in shore feeding habitat (Cape Cod Bay) and the mid-Atlantic have seen in creases in occurrence (Davis et al. 2017 , Mayo et al. 2018 . Right whale reproductive rates have also de clined during this period (Kraus et al. 2016 , NARWC 2017 , Pace et al. 2017 . Visual survey effort has de clined (NARWC 2017 , Pace et al. 2017 or has been redistributed to search new areas (e.g. the Gulf of St. Lawrence, Daoust et al. 2017) , and there are few peerreviewed studies that account for this change in visual survey effort in quantifying the nature and extent of the distributional shift (but see Mayo et al. 2018) . The change in ef fort comes during a critical period for the species when the population is declining at a rate of ca. 1% yr −1 (2010 ( average, Pace et al. 2017 , and at least 15 carcasses were discovered during 2015 through 2017 in the southern Gulf of St. Law rence (Daoust et al. 2017) . Knowledge of the location and timing of feeding-habitat use is the foundation for right whale conservation strategies aimed at reducing mortality and serious injury from vessel strikes and fishing gear entanglements throughout their range to help reverse the decline (e.g. Vanderlaan et al. 2008 , Daoust et al. 2017 . Characterizing the changes that have occur red in the distribution of the species in protected areas is thus a high conservation priority.
The nature of the apparent distributional shift in both time and space and its underlying causes have yet to be determined quantitatively, however oce ano graphic impacts on food supply have been in ferred as a cause of changes in both right whale distribution and calving rates in the past (Greene et al. 2013 , Davies et al. 2015a , Meyer-Gutbrod et al. 2015 . Increasing water temperatures in the Gulf of Maine are of concern because the region lies at the southernmost and warmest part of the C. finmarchicus range (Grieve et al. 2017) . Changes in the regional ocean climate are projected to impact Calanus spp. in their role as right whale food. This could lead to physiological changes such as in creased developmental rates (Campbell et al. 2001 , Weydmann et al. 2015 , shortened diapause duration (Saum weber & Durbin 2006 , Wilson et al. 2016 , biogeographic changes such as extirpation from warm waters (Chivers et al. 2017) , or changes to circulation patterns (Delworth et al. 2016 ) affecting population connectivity pathways, especially between the shelf-break and right whale habitats on the shelf (Greene et al. 2013 , Davies et al. 2015a . There are some indications that a change in food supply has oc curred, though the underlying mechanisms are not yet clear. Regular zooplankton monitoring surveys in the Maritimes, Canada, conducted since 1999 indicate that the annual abundance of C. finmarchicus has been 2 or more standard deviations below normal at 43% of monitoring stations or lines occupied from 2011 through 2016 (n = 30), which is a substantial change from the previous decade (1%, n = 72, Johnson et al. 2017) . McKinstry et al. (2013) also suggest that the energy content of diapausing C. finmarchicus in the Bay of Fundy may be decreasing. This could affect both the population dynamics of C. finmarchicus, which require accumulated lipid reserves to survive over winter, and the energy available to right whales when foraging on the copepods.
Making inferences about the effect of environmental change on right whale distribution requires first quantifying the nature of the right whale distributional variation in terms of timing and abundance (corrected for search effort), and then a systematic evaluation of potential causes. To that end, this paper contributes to the growing body of knowledge on variation in right whale habitat use by quantifying the spatiotemporal variation in right whale occurrence in the GMB through analysis of the longest time series of right whale monitoring data available derived from annual surveys conducted during 1987 through 2016. The goal of the analyses is to characterize the decadal, annual, seasonal and spatial variability in occurrence in this summertime feeding habitat using effort-corrected occurrence indices.
MATERIALS AND METHODS

Whale survey data
Research was conducted in the GMB in the Bay of Fundy (Fig. 1 ) from 1987 through 2016, primarily using regular single-vessel right whale monitoring surveys conducted by the New England Aquarium (NEAq), for which survey methodologies are well documented (Brown et al. 2007 ). The surveys are not standard line transect surveys but do follow strict protocols for collecting data and recording survey effort. Surveys occurred during daylight hours on good weather days from 1 August through 30 September each year, resulting in an annual average (± SD) of 26 ± 12 d of search effort. These 2 months encompass the period when the climatological seasonal maximum in right whale population size occurs in the GMB (Brillant et al. 2015) . In some years, surveys were also conducted in June, July and/or October. When right whales were sighted during each survey, the GPS location of the sighting and group size were recorded, and the survey vessel broke trackline to take photographs of each whale for individual photoidentification purposes using the identification database maintained at the NEAq , NARWC 2015 .
Effort is critical for correcting bias when estimating whale encounter rate and location if a systematic or randomly determined search pattern is not used. During surveys, vessel location and Beaufort sea state were consistently recorded every 10 min prior to the year 2000 and every 1 min from 2000 onward. Visibility was only recorded in a useful manner beyond 2003 and therefore was not included as a measure of effort in this study. Here we used the daily number of hours surveyed at Beaufort sea state < 4 (Hooker et al. 2002 , Brown et al. 2007 ) as our mea sure of effort. Results are re ported as variation in whale encounter rate (ER, number of right whale encounters/ number of hours of effort) among survey days, years and de fined regions (following Hooker et al. 2002) .
Temporal right whale occurrence descriptors
Measures of temporal variability in right whale oc cur rence were developed using data collected within the GMB domain (44°27' to 44°46' N, 66°20' to 66°37' W) which defines the region where > 90% of right whale sightings and effort occurred each year (Fig. 1) . The chosen domain approximately encompassed bathymetry >150 m where right whale food aggregates, which is presumably the main factor driving the variability in right whale occurrence in the habitat (Michaud & Taggart 2011) .
Annual and seasonal right whale habitat occurrence was quantified through analyses of sightings per unit effort and number of photo-identified individuals. From these data, 8 annual metrics of occurrence in the habitat were generated using only the August and September data ( Table 1 ). The first 2 metrics were total number of individually identified whales (N) and % of survey days when whales were not encountered (% ) was used to characterize annual variation in monthly whale density.
The annual integrated ER (IER, whale days) was modeled using the daily ER data. First the log 10 -transformed ER data were fit using a restricted least squares cubic spline with 4 equidistant knots (Harrell 2001, Fig. S1a in the Supplement at www. int-res. com/ articles/ suppl/ n039p159 _ supp. pdf). This inter po la tion captured the seasonal trend in en counter rates each year. IER and its associated error were then derived by integrating the model function ±95% CI generated by bootstrapping with 1000 resamples) over time following Eq. (1) ( 1) where ME is modeled daily encounter rate, d is day of year, t is final survey day, and h is hour of day between 1 and 24 ( Fig. S1b) . Integrating under the spline curve resulted in an occurrence metric that was comparable among years with heterogeneous sampling effort and temporally variable patterns in whale density (Fig. S2) .
The advantage of these right whale data accrues because survey teams attempt to photo-identify nearly every individual they sight during a survey day. For each annual survey, the relation between cumulative first sighting of each individual that year and cumulative survey effort (annual 'discovery curve') can be described using a power function (y = ax b ) where the parameters contain information about the time of arrival of individuals ( indicates a relatively constant immigration of new individuals into the habitat throughout the survey season, whereas b > 1 indicates a delayed arrival of the population. We use this conceptual model to compare annual and decadal variation in the timing of occurrence (see Fig. S3 for examples of model fit to real data). This measure does not estimate the total immigration rate as it ignores re-immigration of the same individuals (which does occur; Brillant et al. 2015) . It is nonetheless useful as a first approximation of arrival time, especially when considered in combination with measures of relative whale density. Three parameters of the discovery curves were used to characterize effort-corrected variation in the occurrence of newly sighted individuals. First, the power function exponent (PFE) was calculated for each annual discovery curve and interpreted as described in Fig. 2 . In addition to the PFE, encounter rate estimates at discrete time steps along the discovery curve were used to characterize the encounter rate at effort-time. Therefore, the linear slope of the discovery curve at 2 effort-time intervals was calculated to estimate new individual encounter rate (NIER) at the beginning (0−10 effort-hours, NIER_ 0-10) and toward the end (70−80 effort-hours, NIER_ 70-80) of the survey season. The 70−80 h criterion was dictated by the years with the least effort (71 and 73 h during 2013 and 2015, respectively). Early arrival of the population should result in a higher encounter rate at the 0−10 h interval, and vice versa for the later arrival.
Principal components analysis (PCA) was used to examine variation within and among the 8 occurrence descriptors. The goal was to quantify the most important modes of variability in the multivariate space (principal axes; PC), and to determine if years were partitioned among periods with similar occurrence patterns based on PC scores (i.e. Euclidean distance) among years. Data were centered and standardized (z-score) to make the data dimensionally homogeneous, and the PCA was performed on the dispersion matrix. Zero-inflated variables can lead to incorrect Euclidean distance estimates among years (Legendre & Legendre 2012) , therefore the analysis was conducted with and without the '% Absence' variable which contained zeroes in 13 of 30 yr. However, this did not change the results. The model was evaluated using r 2 on each PC, and only PCs with eigenvalue λ > 1 (Keiser-Guttman criterion) were interpreted. The contribution of each variable to the reduced space was evaluated using the equilibrium circle (Legendre & Legendre 2012 ) and only variables that contributed significantly to each PC are discussed.
Spatial analysis of right whale encounters
The Bay of Fundy was divided into 3 regions (irregular polygons) to quantify decadal-scale differences in space-use within and outside the critical habitat (CH). Effort outside the CH boundary is not equally distributed across the Bay, rather it is concentrated to the NW where survey vessels typically transit daily to and from the New Brunswick coast (hereafter denoted Owen Basin-The Wolves after charted regional landmarks, abbreviated to OBTW), and SE of the CH in the Bay of Fundy Traffic Separation Scheme (shipping lanes, hereafter TSS, Fig. S4 ). Therefore, the 3 regions were defined by the CH boundary, a boundary that extends the NW and NE CH boundaries to the edge of the study domain, and a boundary extending from the SE half of the CH boundary to the southern-and westernmost TSS waypoints (Fig. S4) . These 3 regions, CH, OBTW, and TSS, contain 55.7, 29.5 and 7.9% of the total survey effort, respectively.
Whale count (number of whales estimated by the survey team on the water, regardless of identification) and effort (h) were each aggregated over each year and each region. Whale count and effort were divided to produce estimates of gross encounter rate (no. h (Table 1) . This measure and the average encounter rate calculated within each regional area of occupancy were together used to determine whether variability in occurrence may be due to distributional expansion or contraction, animal density, or both. For statistical analysis, 4 multi-annual periods were delineated based on the outcome of the PCA analysis (see PCA results in Section 3.1) : 1987−1991, 1992−2000, 2001−2009 and 2010− 2016 . ANOVA was then used to assess differences in square-route transformed ER among region and multi-annual period.
RESULTS
Temporal variation in occurrence
Encounters with right whales in the GMB varied by 2 orders of magnitude among years with a pronounced decline starting near 2010 (Fig. 3a,b , Table S1 ). Low encounter rates during 2010−2015 cooccurred with a high number of days when whales were absent (zero sightings). Prior to 2010, zero sightings on a survey day occurred infrequently, during less than 50% of the years, and in years when they did occur the absences averaged 10% (range 4−31%) of survey days (Fig. 3a) . From 2010−2015 absences increased to an average of approximately 44% (range 6−91%) of survey days. Time-integrated encounter rate (IER; whale days ± SD) was generally below average during 1987−1991 (371 ± 116), above average during 1992−2009 (638 ± 176) and well below average during 2010−2016 (183 ± 158). IER was significantly lower during 2010−2016 than the previous 18 yr (Mann-Whitney U, p < 0.0001).
Decadal variation was also evident in the seasonal occupancy variables (Fig. 4a) . Prior to 2002, right whale encounter rate was, on average, fairly equal between August and September (MAER = −0.002 ± 0.11), whereas from 2002 through 2010 encounter rate was higher in September than August (MAER = −0.11 ± 0.08; Mann-Whitney U, p = 0.027). Table 1 (0−10 h) increased from 0 to a maximum of 7 h −1 survey effort (Fig. 4c) . This rate then declined after 2001 (Mann-Whitney U, p = 0.0048), reaching a minimum of no animals sighted in the first 10 h of survey effort every year from 2010 through 2015, except in 2014.
The variance along PC1 (r 2 = 0.58, λ = 4.7) was explained by the abundance descriptors N, ER, IER and % absence, whereas the variance along PC2 (r 2 = 0.14, λ = 1.4) was explained by 3 seasonal occurrence descriptors PFE, NIER_0-10 and MAER (Fig. 5a ). NIER_70-80 was not an important contributing descriptor along either PC1 or PC2, likely because the variance among years was small (Fig. 4c) . Positive PC1 scores indicated greater abundance or density, while negative scores indicated lower abundance and a greater proportion of days when whales were not sighted. The eigenvectors were similar in length among descriptors, indicating they contri buted similarly to the formation of the axis. The first PC mode (Fig. 5b) captured a long-term parabolic trend in abundance, including a sharp decline starting in 2010 that is evident in the IER series. A decadal-scale change in monthly occurrence be tween the periods of 1987 through 2001 and 2002 through 2014 was the most important mode along PC2 (Fig. 5c) .
The clustering of year-scores along the first 2 PCs was not strong, indicating that transitions among occurrence states were gradual rather than step-like, which is evident in most of the time series illustrated in Figs Table 1 ) measured at 2 time steps on the discovery curves: 0−10 h (gray) and 70−80 h (black). Two additional indices, daily encounter rate (ER) and total number of photo-identified individuals (N) were not included in the figure for brevity because they were highly correlated with IER ( Fig. 3b) ated for each of these 4 periods to further assess variability in arrival time (Fig. 6) . Aggregating data over multi-year periods was required to examine July and October due to sparse survey data in those months (Fig. S4 ). Significant differences in daily encounter rate were found among months and multi-year periods (significant interaction term in an ANOVA, Table S2 ). Notably, encounters were anomalously high during July and low in October 1992−2000 (Tukey post-hoc, p < 0.05). This pattern inverted in the subsequent 8 yr, when encounters were higher in October and lower in July (Tukey post-hoc, p < 0.05). These re sults are consistent with the PCA findings, providing further evidence of a strong seasonal shift in occupancy before and after the year 2000.
Spatial variation in occurrence
Multi-year changes in 2 measures, average ER and area of occupancy (AOO), varied among the 3 regions in the Bay of Fundy (inter action terms significant, Table S2 ). There were no differences in either measure between the 1992− 2000 and 2001−2009 periods, so the data in those 2 time periods were aggregated in further analyses (Table 2 ). Both measures were higher in the CH than the other 2 areas in all decades (Table  2) Table 1 both the AOO and average encounter rate within the area of occurrence (MEAOO) were stable over time (Table 2) . Average values of both ER and AOO were approximately 3-to 4-fold lower in the TSS during 2010 through 2016, though this was not significant due to high inter-annual variability (Table 2 ). In contrast, there was some evidence that occurrence within the OBTW may be increasing, primarily due to distributional expansion, as the AOO is now significantly larger than in any previous period at the α = 0.1 level (Table 2) . No regional differences in MEAOO were found (Table S2) , again due to high distributional variability among years.
DISCUSSION
This study demonstrates there has been an effortindependent decline in right whale occurrence during the summer months in the Bay of Fundy beginning in 2010. This multi-year habitat shift is unique compared to the previous 24 yr. While low abundance has occurred in previous years, especially during the late 1980s to early 1990s, the recent de cline since 2010 is unique and marked by extended periods (up to 44% of survey days) when no whales were sighted in the CH. This period is further marked by a low and relatively constant immigration of new individuals throughout the survey season, indicating that a few animals trickled into the habitat over the season and departed soon after, since the habitat typically failed to maintain moderate whale densities for longer than a few days at a time. These findings are consistent with visual observations by right whale monitoring teams in the nearby Gulf of Maine (NARWC 2015 (NARWC , 2017 , and a recent publication by Davis et al. (2017) that showed summertime right whale acoustic detections collected during 2011−2014 declined in the Gulf of Maine compared to the previous 7 yr. Concurrently, right whale detections have increased in at least 3 alternate locations: Cape Cod Bay (Mayo et al. 2018) , the mid-Atlantic Bight (Davis et al. 2017 ) and the Gulf of St. Lawrence. Sighting increases in the Gulf of St. Lawrence since 2015 are at least partly due to increased survey effort in that region, although the Mingan Island Ceta cean Study, operating in the Jacques Cartier Passage since 1979, has noted in creased presence of right whales during their surveys which suggests whales have been using the region more often in recent years. These patterns strongly suggest that climate-scale changes in food supply have occurred and are driving a population-and feeding rangewide shift in right whale habitat usage. While such shifts have occurred in recent history (Kenney 2001 , Greene et al. 2008 , Davies et al. 2015b , MeyerGutbrod et al. 2015 , never since records began has occurrence in the Bay of Fundy been so low, implying that the current conditions may be driven by heretofore undiagnosed processes.
Habitat shifts are a much greater source of local variability in right whale occurrence than population dynamics over decadal time scales, and the population growth rate is so small and sensitive to these shifts that their impact on the population can quickly become apparent. During 1990− 2010, the number of right whales available to be identified (population size) increased at 2.8% yr −1 on average such that there were an estimated 270 animals in 1990 and 483 in 2010 (Pace et al. 2017) . Occurrence in the Bay of Fundy increased nearly 4-fold (from median 37 to 137 individuals sighted annually) during 1992−2000 relative to the previous decade, primarily due to a shift in use away from Roseway Basin (Davies et al. 2015a) . Similarly, occurrence declined 3-fold during 2010−2015 compared to the previous decade, whereas Fig. S4 for region map). Area of occupancy (km 2 , % of available area) is approximated by all 2 min squared gridcells for which 1 or more right whale sightings occurred within a region and year. Mean (± SD, no. h Pace et al. (2017) suggest the population was declining by just 1% yr −1 over the same period. Occurrence in Cape Cod Bay has also increased significantly during this period at a rate higher than population size (Mayo et al. 2018) , which is consistent with our finding that habitat shifts are the primary driver of changes in local occurrence in this species. These habitat shifts, which have been linked to changing food resources, influence population dynamics through impacts on calving success (Meyer-Gutbrod et al. 2015) and mortality rates , and are therefore critically important to both quantify and explain.
The multivariate analysis approach was valuable for quantifying dominant modes of variability in whale occurrence. The analysis unexpectedly revealed a decadal mode in seasonal timing of occurrence that was orthogonal to the variation in total annual abundance. Discovery curve measures, which have not been used before to describe interannual variability in right whale occurrence, were important in demonstrating the decadal-scale change in the seasonal timing of occurrence along this second mode. Model results suggest that during the 1990s new individuals usually immigrated into the GMB early in the summer (July or earlier), and accumulated in high densities by 1 August. In the 2000s, right whales immigrated into the GMB later in the summer (after 1 August, as indicated by in creased PFE), and did not accumulate into high densities until September. This is the simplest explanation for the change in the character of the discovery curve from asymptotic to linear, post-2001, which was driven primarily by a decline in sightings of new individuals at the beginning of the survey season (NIER_0-10). Since 2014, the animals appear to have been arriving earlier again, yet not staying resident in the GMB in most of these recent years. Historical sightings and acoustic records indicate that the period of right whale occurrence in Canadian waters can be May through December at least, corresponding with the known canonical period of peak abundance of Calanus finmarchicus stage-C5 (Mellinger et al. 2007 , Michaud & Taggart 2011 , Brillant et al. 2015 , Fisheries and Oceans Canada 2018 . Our finding highlights the potential for right whales to occur in high numbers outside of the regular survey period of August and September for many years at a time. Expansion or re-allocation of survey effort across a broader time span may increase the likelihood of encountering these animals.
The seasonal timing of C. finmarchicus abundance is most likely the primary driver explaining the decadal variation in right whale occurrence we observed, but the mechanisms that have caused prey to change in the Bay of Fundy remain unclear. At Prince 5 station in the outer Bay of Fundy, mesozooplankton is monitored monthly using depth-integrated nettows, and those data show a significant seasonal shift in the timing of high abundances of C. finmarchicus from autumn and winter during 1999−2008 to spring and early summer during 2009−2015 (Fig. 7 , MannWhitney U, p = 0.001). Local changes in phenology of Calanus productivity may cause this pattern and explain recent changes in right whale occurrence. Alternatively, right whales may arrive earlier in the Bay of Fundy because food sources in the Great South Channel, a critical spring feeding area, are also in decline, causing right whales to move northward along their migration route earlier in the year. In addition to high background concentrations of Calanus spp., right whales require food to be aggregated into high concentrations and energy densities to facilitate efficient foraging (Kenney et al. 1986 , Baumgartner & Mate 2003 , Michaud & Taggart 2011 , Davies et al. 2014 . Diapause causes C5s to cease diel-vertical migration and remain at depth below the pycnocline until emergence in winter (Johnson et al. 2008 ). This process creates vertically aggregated C5 layers at depth, especially in basins or channels where local currents can rapidly accumulate the animals into high concentration patches both vertically and laterally (Michaud & Taggart 2011 , Davies et al. 2013 . The outer Bay of Fundy gyre in the GMB retains particles in the deep water of the Basin during ) at Prince 5 station in the Bay of Fundy color-scaled according to anomaly relative to the grand mean (+ red, − blue), and abundance-weighted mean sampling month (black line) plotted to illustrate annual changes to the seasonal timing of peak abundance. Boxes containing a cross show months when no sample was collected the summer period because baroclinically driven retention increases during the stratified season (Aretxa baleta et al. 2008 (Aretxa baleta et al. , 2009 , and the gyre is probably a major driver of high C5 abundances at depth in that habitat. The timing of both diapause initiation and physical accumulation processes may thus constrain the temporal window of the peak right whale feeding period to the summer period regardless of changes in productivity and supply. Mismatches be tween productivity of Calanus and the timing of ag gre gation processes could significantly affect habi tat suitability and perhaps help explain the recent absence of whales from the Basin habitat. This analysis confirms that inter-annual variability in right whale occurrence in the Bay of Fundy is strongly driven by processes affecting food supply in the GMB CH. Additionally, there is some evidence that the animals remaining in the area may be shifting their distribution north west into shallower water, which may be cause for conservation concern if this distribution shift results in increased co-occurrence with the suite of contemporary threats that impact right whales including vessel strikes, fisheries interactions and anthropogenic noise. The extent to which other habitats in or outside the Bay of Fundy may provide a foraging refuge during times of low productivity in the CH has yet to be investigated, but the prospects appeared minimal during the 2010−2016 period. Of all zooplankton stations monitored annually from the Cabot Strait to the Bay of Fundy, Prince 5 station was the only place for which the C. finmarchicus abundance anomaly during 2010−2015 was average or only slightly below average (Johnson et al. 2017) . In contrast, C. finmarchicus abundance at stations in the Cabot Strait and the eastern, western and central Scotian Shelf have each seen much stronger negative anomalies in most years, including at Halifax Line Station 2 which is sampled bi-weekly (Johnson et al. 2017) . Further, the arctic Calanus species C. hyperboreus and C. glacialis have experienced negative anomalies. Large numbers of right whales have been sighted presumably foraging in more northerly re gions (i.e. Gulf of St. Lawrence), which may be providing some refuge. The continued decline in reproductive rates suggests that right whales continue to suffer from lack of food availability throughout most of their feeding range; however, a lag of several years between improvements in food supply and calving is possible since females require time to accumulate reserves, mate and carry a pregnancy to term. Future research into the phenology of food supply, and particularly that pertaining to the accumulation of lipids and its impact on this phenology across the Gulf of Maine, Scotian Shelf and Gulf of St. Lawrence re gions, is essential to address the causes and consequences of the temporal and spatial shift in habitat use by right whales.
